Grapevine, Vitis vinifera, is an important economic fruit crop that is highly sensitive to gibberellin (GA), and the exogenous application of GA can efficiently induce grapevine parthenocarpy. However, the molecular mechanisms underlying this process remain elusive. In this study, morphological changes during flower development in response to GA treatments were examined in the 'Zuijinxiang' cultivar. To obtain insights into the roles of miRNA159s in GA-induced grapevine parthenocarpy, VvmiR159a, VvmiR159b, VvmiR159c, and their target gene VvGAMYB were isolated, sequenced and characterized. Spatial-temporal expression analyses showed that VvmiR159c exhibited the highest expression levels at 4 d before flowering, followed by a gradual decrease, while VvGAMYB displayed an opposite pattern of expression with the lowest expression at the corresponding stage in response to GA treatment. A cleavage interaction between VvmiR159s and VvGAMYB and variations of their cleavage roles were confirmed in grapevine floral development. In addition, the potential roles of VvmiR159s in GA signaling were investigated through DELLA-protein repressors, indicating that GA-DELLA (SLR1)-VvmiR159c-VvGAMYB is the key signaling regulatory module in grapevine. Our findings provide novel insights into the GA-responsive roles of VvmiR159s in modulating grapevine floral development, which have important implications for the molecular breeding of high-quality seedless grapevine berry.
Introduction
Grapevine (Vitis vinifera) was one of the earliest domesticated crops and has been widely cultivated for its fruit. Grapevine fruit initiation is a complex process and depends on successful pollination and fertilization, concomitant with substantial changes in the levels of endogenous phytohormones, particularly gibberellins (GAs) (Jung et al., 2014) . GAs are diterpene phytohormones that control many developmental and cellular events, including leaf expansion, cell elongation, the transition from vegetative to flowering stages, and pollen maturation (Thomas et al., 2005; Hossain et al., 2006; Mauriat et al., 2011) . Several studies have demonstrated that the exogenous application of GA can trigger the development of parthenocarpic fruit and early ripening in various grapevine cultivars (Cheng et al., 2015; Gouthu and Deluc, 2015; Upadhyay et al., 2015) . For example, exogenous pre-bloom application of GA 3 induced berry growth in the 'Thompson' seedless cultivar and seed abortion in the 'Kyoho' and 'Red Globe' seeded cultivars (Abu-Zahra, 2010; Cheng et al., 2013) . However, the molecular mechanisms by which GA mediates the initiation of fruit set in grapevine remain elusive. Several proteins involved in GA signaling have been identified, and among these, DELLA proteins [GA INSENSITIVE (GAI) , REPRESSOR of GAI-3 (RGA), and SCARECROW (SCR)] are considered key elements involved in the regulation of GA signaling (Griffiths et al., 2006; Nakajima et al., 2006; Willige et al., 2007; Sun, 2011) . GA signaling in Arabidopsis is initiated by GA binding to the GA INSENSITIVE DWARF1 (GID1) receptor, allowing the interaction between GID1 and DELLA proteins (Nakajima et al., 2006; Willige et al., 2007; Gallego-Giraldo et al., 2014) . The formation of GA-GID1-DELLA complexes enables further interactions with F-box proteins, leading to ubiquitination of the DELLA proteins by E3 ubiquitin-ligase, and finally results in degradation by the 26S proteasome (Yoshida et al., 2014; Cheng et al., 2015) .
MicroRNAs (miRNAs) are single-stranded RNA molecules of 21-24 nucleotides that have been recognized as distinct post-transcriptional regulators involved in GA signaling, via their action in causing either complementarity-dependent cleavage or translational inhibition of the target mRNA molecules (Towler et al., 2015; Lin et al., 2016; Born and Rubio-Somoza, 2017, Preprint; Abdelrahman et al., 2018) . In Arabidopsis, GA promotes an increase in levels of miR159 by overcoming DELLA-mediated repression to reduce expression of the GAMYB gene, resulting in a delay in flowering time and anther development, and a consequent reduction in floral fertility (Achard et al., 2004) . These results indicate that the expression of miR159 is GA-dependent in Arabidopsis; however, Tsuji et al. (2006) reported that miR159 expression is GA-independent in rice (Oryza sativa). Csukasi et al. (2012) determined that exogenous application of GA down-regulated miR159a expression during the course of strawberry receptacle development, but it did not change miR159b expression. These various studies suggest that miR159 family members might have diverse roles in response to GA during different growth and developmental stages in various plant species. Although there have been reports on miR159 function in several plant species, information about their role during grapevine fruit growth and ripening is limited.
In a previous study , we conducted indepth sequencing of miRNA libraries derived from grapevine berries treated with GA and untreated controls, which enabled us to identify several conserved and novel grapevine miRNAs in response to GA treatment. Among these, miR159 family members displayed strong responses to GA treatment , but it is not clear how miR159 responses modulate floral development during the GA-induced parthenocarpic process in grapevine. In this current study, we initially investigated phenotypic characteristics, including early flowering, the diameter of inflorescence internodes, inflorescence rachis formation, and seedless fruit ratio, in 'Zuijinxiang' grapevine treated with GA in comparison with untreated controls. To understand the molecular mechanism of the GA-induced parthenocarpic process, we isolated VvmiR159a, VvmiR159b, and VvmiR159c and further characterized their sequence homologies with other miR159s derived from various species, and identified the downstream VvGAMYB target gene. We then determined the spatial-temporal expression patterns of the three grapevine miR159 members and examined their interactions with the VvGAMYB target gene in modulating floral development and GA-induced parthenocarpy. In addition, we also conducted an expression analysis of DELLA-related genes in response to GA and examined subsequent correlations with miR159 expression at different time points. Our results provide important insights with regards to the specific functions of the VvmiR159 family within the context of the GA regulatory networks that promote the parthenocarpic process in grapevine, which are important for the development of highquality seedless grapevine fruit.
Materials and methods

Plant materials, growth conditions, and hormone treatments
A 5-year-old grapevine (Vitis vinifera L.) cultivar 'Zuijinxiang' was grown under field conditions in the experimental farm of Jiangpu, Nanjing Agricultural University, Jiangsu Province, China. Based on the results of preliminary experiments and horticultural practice, 50 mg l −1 GA 3 was used to treat inflorescence buds by dipping for 30 s at 12 d before flowering (12 DBF; designated T1), and samples were then collected at different time intervals (0, 4, 8, and 12 d post-treatment) until the flowering stage to verify the long-term effects of GA. In another set of plants, GA was applied to the buds at 8 DBF (T2) and samples were collected at 0, 4, and 8 d post-treatment until flowering. Finally, in a further set of plants GA was applied at 4 DBF (T3) and samples were collected at 0 and 4 d posttreatment. Control plants were dipped in water.
In another experiment, the short-term effects of GA treatment were examined by dipping inflorescence buds into 50 mg l −1 GA 3 for 30 s at 8 DBF (T2) and samples were collected at 1, 3, and 8 h post-treatment. All samples were frozen immediately in liquid nitrogen and stored at -80 °C until use.
Each treatment and control included three replicate plants, and for each plant three inflorescence clusters received treatment and another three clusters were used as controls.
RNA extraction and construction cDNA libraries of miRNAs/ mRNAs
Total RNA of the all floral samples at the different stages (T1, T2, and T3) was extracted using our modified cetyltrimethyl ammonium bromide (CTAB) method (Wang et al., 2011b) . Total RNA was further separated into high-molecular-weight (HMW) and low-molecular-weight (LMW) RNA by 10 M LiCl according to Wang et al. (2011b) . For real-time quantitative PCR (real-time qPCR), the HMW RNA samples were used to synthesize the first-strand cDNA using a PrimeScript II 1st strand cDNA Synthesis kit (TaKaRa Bio. Inc., Osaka, Japan) according to Jogaiah et al. (2013) . The LMW RNA was used to generate a miRNA-enriched library for investigating the expressions of miRNAs according to Wang et al. (2011a) .
Cloning and identification of VvmiR159s and their target VvGAMYB
The LMW RNA samples at the different time stages were tailed using the Poly(A) Tailing Kit (TaKaRa Bio. Inc., Osaka, Japan) according to the manufacturer's instructions, and the Poly(A)-tailed LMW RNAs were further ligated to a 5´-adapter (5´-CGACUGGAGCACGAGGACACU GACAUGGACUGAAGGAGUAGAAA-3´) using T4 RNA ligase (Invitrogen, Carlsbad, CA). The LMW RNA with the poly(A) and 5´-adapter was reverse-transcribed into cDNA, then this template was used to isolate the VvmiR159 sequences by using miR-RACE (Song et al., 2010; Wang et al., 2011a) . The stem-loop construction of the VvmiR159 precursors were predicted by using the mfold software (http://unafold.rna.albany.edu). The mixtures of total RNAs at the different stages were reverse-transcripted into cDNAs for cloning the target gene VvGAMYB according to the method reported by Song et al. (2009) .
Analysis of motif elements of the promoters from VvmiR159 and VvGAMYB
The promoter regions (approximately 1500 bp upstream of the genes) of VvmiR159s and VvGAMYB were identified from the grapevine genoscope database (http://www.genoscope.cns.fr/externe/ GenomeBrowser/Vitis/), and the Plant CARE tool (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was employed to predict the motif elements of the promoters of VvmiR159s and VvGAMYB. The motif elements were classified into different types, and the potential functions of the related genes were predicted.
Deduced amino acid sequences and conserved domains of VvGAMYB and related GAMYB orthologous proteins
The amino acid sequence of VvGAMYB was deduced using DNAMAN v.6 (https://www.lynnon.com/), in which the R2R3 and Box1/2/3 domains were identified. ClustalX 2.1 (http://www.clustal.org/) was used to perform a multiple sequence alignment of our VvGAMYB and related GAMYB orthologous proteins derived from various plant species, and an unrooted phylogenetic tree was constructed with the MEGA 7.0.21 software (https://www.megasoftware.net/) using the neighborjoining (NJ) method. The R2R3 and Box1, Box2, and Box2/3 domains of our VvGAMYB and related GAMYB orthologues were identified by a conserved domain search in NCBI (https://www.ncbi.nlm.nih. gov/Structure/cdd/wrpsb.cgi). The Illustrator for Biological Sequences v.1.0.3 software (http://ibs.biocuckoo.org/) was used to draw the orthodox domains of the GAMYB proteins. The identified motifs in our VvGAMYB and related GAMYB orthologous proteins were investigated using the MEME 5.05 program (http://meme-suite.org/tools/meme).
Expression analysis of VvmiR159s, VvGAMYB, and other genes responsive to GA by real-time qPCR
The standard primer R16328 and miRNA-specific primers were used to perform real-time qPCR amplification using the miRNA159-enriched library with the Rotor-Gene 3000 (Corbett Robotics, Australia) and the Rotor-Gene software version 6.1 based on the method reported previously (Song et al., 2010; Wang et al., 2011a) . The 5.8S rRNA was used as a reference gene in the qPCR detection of miRNAs . The templates for the real-time qPCR of VvGAMYB and DELLA protein genes were the HMW-enriched library, and qPCR amplification was carried out. Polyubiquitin (UBI) was used as the reference gene to normalize the qPCR data. All data were analysed with R 2 >0.998 using the LinRegPCR program (Shi and Chiang, 2005) . All the experiments were carried out with three replicates. All primers used in this study are listed in Supplementary Table S1 at JXB online.
Validation of miRNA-mediated cleavage with RLM-RACE and PPM-RACE
We employed our modified RNA ligase-mediated 5′-RACE (RLM-RACE) and developed poly(A) polymerase-mediated 3′-RACE (PPM-RACE) protocols to map the internal miRNA-directed cleavage sites of predicted cDNA targets . Total RNA was directly ligated to the 5´-adapter with T4 RNA ligase, and then the ligated RNA was further reverse-transcripted into cDNA for RLM-RACE. Another total RNA sample was tailed using a Poly(A) Tailing kit (TaKaRaBio. Inc., Osaka, Japan) according to the manufacturer's instructions, and the Poly(A)-tailed RNA was reverse-transcripted into cDNA for PPM-RACE. The forward universal primer (RLM) and the downward specific primer (GSP2) were used to perform RLM-RACE amplifications. The forward specific primer (GSP1) and the downward universal primer (R16328) were employed to conduct PPM-RACE amplifications, according to the method reported by Wang et al. (2013) . The RACE amplification products were gel-purified, cloned, and sequenced.
Results
Characterization of floral development during parthenocarpy induced by exogenous GA
To investigate the effects of GA on 'Zuijinxiang' grapevine floral development and the parthenocarpy process, we compared the morphology of floral clusters of plants treated with GA at 12, 8, and 4 d before flowering T1, T2, and T3, respectively) relative to untreated control plants (CK). All GA-treated plants across all the time intervals exhibited early flowing and a remarkable increase in the diameter of inflorescence internodes (37.5, 30.5, and 26.4% for T1, T2, and T3, respectively) in comparison with untreated controls ( Supplementary Fig. S1 ), suggesting that GA stimulated the rate of flower development. In addition, the T1 and T2 treatments displayed slighter early blooming than T3, and the arrangement of flower buds became looser. We also found that the inflorescence rachis in the T1 and T2 treatments grew quickly with some lignification, while no lignification symptoms were observed in T3.
The most profound effects of GA treatment on the inflorescences were observed in the T2 treatment, with distinct effects on floral morphology including dark-yellow and small anthers, short styles, and big ovaries relative to untreated control plants; these effects were observed to a lesser extent in the T1 and T3 treatments (Fig. 1) . The T2 treatment exhibited the highest seedless ratio (99.6%), followed by T1 (91.1%) and T3 (85.7%) relative to the untreated control, suggesting that the T2 treatment had the greatest effect in inducing parthenocarpy. Whilst the T1 and T3 treatments were weaker in their effects in relation to GA-induced parthenocarpy, they were still were stronger than untreated control plants (Fig. 1) .
Identification of sequences of grape miR159a-c and comparisons with other species
Mature VvmiR159a, VvmiR159b, and VvmiR159c were cloned, sequenced, and identified in grapevine cv. 'Zuijinxiang' by miR-RACE. The sequence homologies of mature VvmiR159a and VvmiR159b were identical and 20 nucleotides (nt) in length (TTGGAGTGAAGGGAGCTCTC), but their sequences were one base shorter than predicted by miRBase 21.0. The mature VvmiR159c sequence length was 21nt (TTTGGATTGAAGGGAGCTCTA), which was similar to that predicted by miRBase 21.0, with 90% sequence homology with VvmiR159a/b, including two mismatched bases (T/G and A/C) and one more terminal base (T) (Fig. 2A) .
Mapping the mature miR159a/b and miR159c sequences in their precursors in miRBase 21.0, revealed that they were all located in the 3´-stem arm of their precursor's loop-stem structures, suggesting that these members of the VvmiR159 family possess a conserved position at the terminal bases (Fig. 2B) .
Compared with previous studies of the miR159 family (Tuskan et al., 2006; Lacombe et al., 2008; Moldovan et al., 2010; Xia et al., 2012; Csukasi et al., 2012) , the alignment of the miR159 members in various plant species showed that the differences in their homologous mature sequences mainly occurred at the 3´-and 5´-ends, while the terminal base variation usually did not change the miRNA target functions. Moreover, except for OsmiR159a.2 and MdmiR159c, VvmiR159a/b and PtmiR159c had one base variation (U/G) with other orthologous genes at the 6/7th site ( Supplementary  Fig. S2 , marked with the purple frame in Fig. S2A ) as well as the 3´-and 5´-ends (1-2 bases) of their sequences. VvmiR159c had the same mature sequence homology (marked with yellow frame in Supplementary Fig. S2A ) with FamiR159b, PumiR159c, PtmiR159b, AtmiR159a, and SlmiR159. These results indicated that the VvmiR159 family might possess some diversification as well as conserved functions across various plant species.
Cloning of the VvGMAYB gene targeted by VvmiR159a-c and analysis of its sequence across different plant species
The isolated VvmiR159a/b and VvmiR159c sequences were used as queries to predict their target genes using the psRNATarget software (http://plantgrn.noble.org/psRNATarget/). The results obtained showed that VvGAMYB (GenBank Accession no. KX639825) was identified as the target gene of VvmiR159a/b andVvmiR159c with three or two mismatched bases, respectively ( Supplementary Fig. S2C ). Based on our predicted VvGAMYB sequence, we were able to design sequencespecific primers to clone the VvGAMYB gene sequence in 'Zuijinxiang' grapevine flowers. The ORF of VvGAMYB was 1681bp encoding a protein of 560 amino acid residues (Fig. 3A) . The amino acid sequence of the VvGAMYB-encoded protein contained an R2R3 domain and box 1, 2, and 3 conserved motifs (Achard et al., 2004; Tsuji et al., 2006; Gong and Bewley, 2008) , both of which are characteristic of transcription factors encoded by GAMYB-like genes, hence our designation here as VvGAMYB (Fig. 3A) .
We conducted a phylogenetic analysis of the deduced amino acid sequences of VvGAMYB together with other orthologous GAMYBs from different species using Clustalx miRNA159 regulation during grape parthenocarpy | 3643 2.1 for multiple alignments and the MEGA software (Fig. 3B) . VvGAMYB identified in the present study showed high sequence homology with the orthologous GAMYBs from apple (Malus domestica) and strawberry (Fragaria vesca subsp. vesca), while the lowest sequence homology was scored with the GAMYBs from rice and tomato (Solanum lycopersicum) (Fig. 3B) . Next, we identified the conserved domains in our VvGAMYB and related GAMYB orthologous in the NCBI database. VvGAMYB and orthologous GAMYBs contained the highly conserved R2R3 domain at the N-terminus, while all the GAMYBs showed little homology in the C-terminus (Fig. 3C ). Motif analysis of VvGAMYB and related GAMYB orthologous in other plant species was carried out suing the MEME 5.05 tool. This revealed that VvGAMYB and orthologues of the GAMYB protein sequences contained highly conserved motifs 1, 2, and 3 in their N-terminus, within the region of the R2R3 domain, while lower conservation was observed in their C-terminus (Fig. 3D) .
Motif analysis of the promoters of VvmiR159 and VvGAMYB
Motif analysis of gene promoters can predict the potential function of the genes. To examine the potential functions of GA-responsive VvmiR159s and VvGAMYB in grapevine, we analysed the types and quantity of motifs in the promoter regions of VvmiR159 and VvGAMYB. The motifs could be classified into five groups according to their potential functions, namely light, hormone, stress response, tissue-specific, and circadian ( Supplementary Fig. S3A ). The number of motifs related to light was the highest, which might simply be attributed to the importance of photosynthesis within green plants. Moreover, the promoters of VvmiR159s and VvGAMYB shared some similar types of motifs. However, the promoters of VvmiR159b possessed more motifs than those of VvmiR159a and VvmiR159c in the stress response group ( Supplementary  Fig. S3A ), indicating that different members of the VvmiR159 family might have some differences in their potential functions.
To gain better understanding of the possible regulation mechanisms of VvmiR159s and VvGAMYB genes in the GA response in grapevine, we scanned the motifs related to hormone response in the promoter regions ( Supplementary  Fig. S3B ). Interestingly, the promoters of both VvmiR159s and VvGAMYB possessed motifs responsive to GA and salicylic acid (SA) (Supplementary Fig. S3B ). GA and SA are key hormones involved in the development of grapevine flowers and berries (Cheng et al., 2013; Giacomelli et al., 2013; Champa et al., 2015) , indicating that both VvmiR159s and VvGAMYB have potential functions in response to GA and SA. Motifs responsive to zeatin (cytokinin) were observed only in the promoter region of VvmiR159b, while those responsive to ethylene (ET) were identified in the promoters of VvmiR159a and VvmiR159b (Supplementary Fig. S3B) , implying that the different members of the VvmiR159 family might have some divergence in their functioning in response hormones. None of the promoters of the genes possessed motifs responsive to abscisic acid (ABA), methyl jasmonate (MeJA), and indole acetic acid (IAA) ( Supplementary  Fig. S3B ). The promoter of VvmiR159c contained only GA and SA motifs (50% each), while the other VvmiR159 members exhibited lower percentages of the GA and SA motifs ( Supplementary Fig. S3C ), indicating that VvmiR159c plays a significant role in GA and SA signaling during grape growth and development.
Verification that VvGAMYB is targeted by VvmiR159s in the grapevine inflorescence
To confirm the interaction between VvmiR159 family members and the predicted target VvGAMYB in grapevine inflorescence, modified RLM-RACE and our developed PPM-RACE protocols were employed to identify their roles in the grapevine inflorescence.
First, from RLM-RACE, the 5´-end sequencing of the amplified products revealed two main cleavage sites in the middle of Fig. 3 . Deduced amino acid sequences and conserved domains of VvGAMYB identified in grapevine cv. 'Zuijinxiang' and related to GAMYB orthologs retrieved from the NCBI database. (A) The amino acid sequence of VvGAMYB deduced by DNAMAN v.6, in which the R2R3 domains (red boxes) and Box1/2/3 domains (green boxes) are identified. (B) Phylogenetic tree of our VvGAMYB and related GAMYB orthologous proteins from various plant species. Multiple sequence alignment was performed using ClustalX 2.1, and the unrooted phylogenetic tree was constructed with the MEGA 7.0.21 software using the neighbor-joining method. Numbers at the branches indicate bootstrap values with 1000 replicates, and the scale bar indicates the branch length. (C) The R2R3 and Box1, Box2, and Box2/3 domains of our VvGAMYB and related GAMYB orthologous identified using the conserved domain search service in NCBI.The Illustrator for Biological Sequences v.1.0.3 software was used to draw the orthodox domains of the GAMYB proteins. (D) The identified motifs in our VvGAMYB and related GAMYB orthologs using the MEME 5.05 online program with default parameters.
the complementary regions of VvmiR159s and VvGAMYB. In VvGAMYB these were the 965th with a frequency 5/18 and 966th with a frequency 12/18 from the 5´-end, but the two sites mapped at three different locations (9th and 10 th from the 5´-end of VvmiR159a/b; and the 10th and 11th from that of VvmiR159c) of VvmiR159a/b and VvmiR159c (Fig. 4) , suggesting that VvmiR159 family members target/ detect a specific site of the target gene VvGAMYB and cleave exactly at these sites of the target gene. These results indicate that VvGAMYB is the VvmiR159-mediated target gene in the grapevine inflorescence. Next, our developed PPM-RACE protocol was performed to further confirm the target gene of VvmiR159s and their cleavage sites. The 3´-end sequencing of the amplified products identified the same cleavage sites as those of the 5´-end sequencing in the RLM-RACE experiment; the cleavage frequencies of former were less than those of latter, which might be a result of the fact that the 3´-end fragments were more stable than 5´-end ones (Sun et al., 2012; Wang et al., 2013; Zhang et al., 2014) . The consistent results of both the RLM-RACE and PPM-RACE experiments confirmed that VvGAMYB is the target of VvmiR159s, and verified their cleavage interaction mode in grapevine inflorescence (Fig. 4) .
Differential expression patterns of VvmiR159s and VvGAMYB and their modes of response to GA during the inflorescence development process
To determine the long-term effect of the interaction between VvmiR159s and VvGAMYB during the inflorescence development process of GA-induced parthenocarpy, the relative expressions of VvmiR159a/b, VvmiR159c and VvGAMYB were measured in samples from 4 d after treatment until flowering. The expression pattern of VvmiR159c in untreated control plants showed a significant down-regulation, and the lowest expression level was detected at flowering (Fig. 5) . In contrast, GA treatment induced VvmiR159c up-regulation at all inflorescence stages, with the highest expression level at 4 d after the T2 treatment. miR159a/b displayed non-significant changes in their expression levels in comparison to untreated control plants at all time points, indicating that VvmiR159c might be the key factor involved in modulating inflorescence development in grapevine. VvGAMYB expression exhibited significant up-regulation during inflorescence development in untreated control plants, which was the reverse of the pattern observed for VvmiR159c (Fig. 5) . In contrast, GA treatment resulted in significant down-regulation of VvGAMYB expression, with the lowest expression level being detected at 4 d after the T2 treatment. These results indicate that VvmiR159c and VvGAMYB have opposite trends of expression during the different grapevine inflorescence stages and that both are strongly affected by GA treatment.
Up-regulation of levels of VvmiR159s through overcoming DELLA-mediated repression by exogenous GA during floral development
Previous studies in Arabidopsis indicated that GA promotes miR159a expression by overcoming DELLA proteins (GAI and RGA) (Achard et al., 2004) . To examine this molecular model in grapevine, we investigated the short-term effects of GA application (1, 3, and 8 h post-treatment) on transcript accumulation of the DELLA-encoding genes VvGAI, VvRGL1, and VvSLR1, in addition to VvmiR159a/b, VvmiR159c, and VvGAMYB (Fig. 6) . GA application resulted in a significant down-regulation in the expression levels of VvSLR1 and VvRGL1, while VvGAI showed no significant changes relative to untreated control plants. VvmiR159c was distinctly up-regulated by the exogenous application of GA. In contrast, VvGAMYB displayed significant down-regulation, while VvmiR159a/b had no significant expression changes relative to untreated control plants (Fig. 6) . Next, we conducted a correlation analysis between the expression of DELLA-related genes, VvmiR159a/b, VvmiR159c, and VvGAMYB. The results suggested strong negative correlations between VvmiR159c and VvSLR1 (Pearson coefficient, r=-0.98), VvmiR159c Fig. 4 . Mapping of VvmiR159s-mediated cleavage of VvGAMYB by RLM-RACE and PPM-RACE. The arrows indicate the cleavage sites identified by the 5´-and 3´-ends of mRNA fragments cloned by PPM-RACE and RLM-RACE, respectively. The partial mRNA sequences of the cloned 5´-and 3´-ends were aligned with the miRNAs and the target genes for identification of the cleavage sites. The sequences in red and blue represent the mature sequences of VvmiR159s and their target-region sequence in the target mRNA, respectively. The green strip denotes the remaining sequence outside the targeted region. '955' indicates the start site of the targeted region, the other numbers indicate the frequency of the cleavage fragments expected for cloned PCR products at the different positions.
and VvRGL1 (r=-0.97), and VvmiR159c and VvGAMYB (r=-0.99), while no significant correlation was detected between VvmiR159a/b and the other genes (Fig. 7) .
Dynamic accumulation of cleavage products of GAMYB during floral development of GA-induced parthenocarpy
Monitoring the accumulation patterns of the cleavage products of VvmiR159s and VvGAMYB during grapevine floral development could contribute to determining the spatial-temporal variation of their cleavage roles. We did this by employing our modified RLM-RACE and developed PPM-RACE protocols together with real-time qPCR to detect 3´-and 5´-cleavage products. The results showed that all three GA treatments (i.e. T1, T2, and T3) promoted greater accumulation of 3´-and 5´-cleavage products of VvGAMYB than the controls (Fig. 8) . T2 showed the strongest increase, confirming it as the best time point to enhance the VvmiR159c-mediated regulation of VvGAMYB. It was also found that accumulation of 5´-cleavage products was similar to that of 3´-cleavage products in the different stages in control and treated plants (Fig. 8) . The results suggested that the cleavage of VvGAMYB might depend on the expression of VvmiR159c, while VvmiR159a/b has only little or no role in cleavage.
Discussion
The effects of exogenous GA application on the induction of seedless cultivars, berry enlargement, and fruit ripening in grapevine, have been widely reported (Abu-Zahra, 2010; Cheng et al., 2013) ; however, the molecular mechanisms by which GA-signaling mediates the initiation of fruit set remain elusive. miRNAs are non-coding, single-stranded molecules that control crucial biological processes, including developmental timing, hormone signaling, signal transduction, and stress responses (Carra et al., 2009; Liu and Chen, 2009; Mica et al., 2009; Pantaleo et al., 2010; Wang et al., 2012 Wang et al., , 2014 Han et al., 2014; Ren et al., 2014) . Although there have been reports on the functions of miR159s (Achard et al., 2004; Reyes and Chua, 2007) , information about their role during GA-induced grapevine fruit growth and ripening is limited. In the present study, we utilized the pathenocarpy system to investigate the regulatory roles of miR159s and their target gene VvGAMYB. Interestingly, all the GA treatments enhanced the expression of VvmiR159c, especially T2, while no significant differences were observed for VvmiR159a/b relative to untreated control plants (Figs 5, 6 ). These results indicated that VvmiR159c is the crucial factor involved in the modulation of the floral development during GA-induced grapevine parthenocarpy. RNAsequencing of small RNAs derived from grapevine berries treated with GA has previously revealed a strong up-regulation of miR159c expression . Our VvmiR159c expression data were associated with morphological changes in the floral clusters, particularly for the T2 treatment (Fig. 1,  Supplementary Fig. S1 ). Similarly, Achard et al. (2004) found that exogenous application of GA induced the expression of AtmiR159a and that floral clusters exhibited dark-yellow anthers, big ovaries, and sterile siliques with no seeds in the transgenic plants. In contrast, the exogenous application of GA down-regulated the expression levels of strawberry miR159a, but it did not produce any change in miR159b expression (Csukasi et al., 2012) . These results indicated that the differences in miR159 expression in response to GA during floral development could be species-specific.
In our present study, the motif analysis of the VvmiR159a-c promoters confirmed the significant role of VvmiR159c in GA signaling during grapevine development ( Supplementary  Fig. S3 ). Although all miR159 members exhibited GA motifs in their promoters, the VvmiR159c promoter displayed the highest percentage of GA and SA motifs in comparison with VvmiR159a and VvmiR159b. In addition, VvmiR159a and VvmiR159b possessed ET and cytokinin motifs in their promoters, whereas these were not detected in the VvmiR159c promoter. This indicated that VvmiR159c plays a direct role in GA signaling to modulate grape development.
Since VvmiR159a/b and VvmiR159c had some variation in their sequences and lengths, their cleavage sites on VvGAMYB were the 9th and 10th, and 10th and 11th of the 5´-end of VvmiR159a/b and VvmiR159c in their complementary regions, respectively. But these sites were further mapped at the two sites of 965th and 966th of the 5´-end of VvGAMYB in their complementary regions, and thus we deduce that the different members of the same miRNA family might target and cleave the specific sites of the same target gene. Although the Arabidopsis miR159 family also has three members, miR159a-c, they cleave three different GAMYB-like genes, MYB33, MYB65, and MYB101 (Palatnik et al., 2003; Achard et al., 2004) , unlike VvmiR159s that cleaved only one VvGAMYB. However, the cleavage sites of VvmiR159s on VvGAMYB are consistent with those in MYB33 and MYB55 at the center of the miR159-binding regions in Arabidopsis (Palatnik et al., 2003; Achard et al., 2004) . We further investigated the accumulation levels of the 3´-and 5´-cleavage products of VvGAMYB for different GA treatments. The results showed that the cleavage products were present in the T2 treatment (Fig. 8) , which was in agreement with the results for VvmiR159c expression and the floral cluster morphology.
To ascertain how VvmiR159c interacts with GA signals, we determined out expression profiles for the grapevine DELLA protein family (VvGAI, VvRGL1, and VvSRL1), the VvmiR159 family, and VvGAMYB in response to GA treatment, and examined their correlations. The profiles showed that VvSRL1, VvRGL1, VvmiR159c, and VvGAMYB all clearly responded to the GA treatment , and this regulatory Fig. 6 . The expression profiles of VvmiR159s and DELLA-related genes involved in gibberellin (GA) signaling at different development stages of grapevine flowers. GA 3 was used to dip inflorescence buds for 30 s at 8 d before flowering (T2 treatment) and the middle part of the inflorescences were collected at 1, 3, and 8 h post-treatment (T_1h, T_3h, and T_8h, respectively) for real-time qPCR. The box-plots represent the maximum, third quartile, median, first quartile, and minimum of three independent replicates (n=3). Significance differences were determined by ANOVA: *P<0.05, **P<0.01, ***P<0.001). GAI, gibberellin insensitive; RGL1, repressor of GA1-like; SLR1, slender-rice1. Fig. 8 . Accumulation patterns of 3´-and 5´-end cleavage products of VvmiR159s and VvGAMYB at different stages of development for inflorescences treated with gibberellin (GA) and untreated control plants (CK). VvGAMYB-5´ represents the accumulation of 5´-end cleavage products of VvGAMYB mediated by VvmiR159 using real-time qPCR; VvGAMYB-3´ represents 3´-end cleavage products. T1, the GA treatment was carried out at 12 d before flowering (DBF) and samples were collected at 0, 4, 8, and 12 d post-treatment (DPT); T2, treatment was carried out at 8 DBF and samples were collected at 0, 4, and 8 DPT; T3, treatment was carried out at 4 DBF and samples were collected at 0 and 4 DPT. Each experiment was repeated three times. The mRNA fragments were obtained from at least nine clones. Different letters indicate statistically significant differences according to Tukey's HSD post-hoc test (P<0.05). network could be the key factor that mediates GA-signaling during grapevine inflorescence development and parthenocarpy. GA treatment had little or no effect on the other two members of the VvmiR159 family. Based on these results, we conclude that GA could up-regulate VvmiR159c expression levels mainly by repressing the expression of VvSRL1, while the VvmiR159c response to GA might modulate floral development through mediating the cleavage of VvGAMYB during grapevine parthenocarpy. In contrast, this regulatory network is different in Arabidopsis, where GA represses the expression of AtGAI and AtRGA to up-regulate the expression levels of AtmiR159a (GA-AtGAI-AtRGA-AtmiR159a) (Achard et al., 2004) . Although Arabidopsis has three members of the miR159 family, only AtmiR159a and AtmiR159b act in a redundant manner, and the double-mutant AtmiR159a/b clearly increases the expression of AtMYB33 and AtMYB65 (Allen et al., 2007) . In strawberry, the miR159 family has the two members, FamiR159a and FamiR159b. Although the expression levels of FamiR159b were found to be higher than those of FamiR159a, the latter did not respond at high levels of GA application, while FamiR159b was clearly down-regulated by GA treatment (Csukasi et al., 2012) , which is opposite to those of miR159s in Arabidopsis and grapevine. This indicates the diversification of response patterns of miR159s to GA signals across different plant species.
In summary, we examined phenotypic changes such as early flowering and the seedless fruit ratio in 'Zuijinxiang' grapevine treated with GA. We isolated VvmiR159a, VvmiR159b, and VvmiR159a from grapevine and further characterized their sequence homologies with other miR159s from different species. The sequences of VvmiR159a-c, were further used to predict VvGAMYB as the target gene. The VvmiR159 family and VvGAMYB exhibited different spatial-temporal expressions during floral development in the process of GA-induced parthenocarpy. We further investigated the short-term effects of GA application on the transcript accumulation of genes encoding DELLA proteins. Our results demonstrate that VvmiR159c plays a significant role in GA signaling to regulate grapevine floral development, which has important implications for the development of high-quality seedless grapevine fruit.
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